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Introduction
The triazines are a class of pre-and post-emergent broadleaf herbicides that inhibit the growth of weeds by interfering with the normal function of photosynthesis [1] . Widespread agricultural application of these herbicides has resulted in an increased presence of these compounds, along with their degradation products, in both surface and ground waters [2] [3] [4] [5] [6] [7] [8] . Of the triazines, atrazine and simazine are currently regulated by the United States Environmental Protection Agency (EPA) in finished drinking water with maximum contaminant levels (MCLs) of 3.0 and 4.0 g/L, respectively [9] . For atrazine re-registration under the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA), EPA has set a performance standard level of concern based on atrazine and its chlorodegradates for drinking water monitoring [10] .
In 2002, EPA published a report that evaluated a series of structurally similar triazine pesticides for inclusion in a common mechanism group (CMG) based on their ability to induce a similar toxic effect through a common mechanism of toxicity [11] . The CMG included three of the 2-chloro-s-triazine parent compounds (atrazine, simazine, and propazine) and their chlorodegradation products [desethylatrazine (DEA), desisopropylatrazine (DIA), and diaminochlorotriazine (DACT)]. The compounds included in this group were determined to cause neuroendocrine-related developmental and reproductive effects, and to cause mammary tumors in rats. The pathway to tumor development, however, was not believed to be active in humans. The 2-hydroxy-s-triazine degradate was not included in the CMG because the neuoroendochrine studies were not conclusive, and because it was not found to cause mammary tumors in rats [11] .
Since a number of triazines and their degradates have been found by EPA to have a common mechanism of toxicity, understanding the co-occurrence of these compounds in drinking water is important to determine whether regulating triazines as a group should be considered. In the future, if EPA were to consider taking regulatory action to address cumulative impacts of triazines, a robust analytical method would be a crucial component.
Triazines and their degradates have been studied in a number of Midwest occurrence surveys, which detected triazine pesticides and their degradation products in a significant percentage of the surface and groundwaters [2] [3] [4] [5] [6] [7] [8] . In a study of Iowa groundwaters, scientists at the USGS concluded that a majority of the measured concentration for the surveyed triazines (atrazine and cyanazine) was in the form of degradation products [3, 4] .
Challenges associated with developing a single analytical method for the analysis of the CMG triazines and their degradates have been addressed by a number of researchers [12] [13] [14] [15] [16] [17] . LC-MS [18] and, more recently, LC-MS/MS [19] methods have been published. The LC-MS researchers reported issues associated with matrix suppression and/or background interference, which led Huang et al. [19] to incorporate a 1:4 sample dilution prior to LC-MS/MS analysis of surface and groundwater samples. Generally, sample dilution can be used in instances in which the analyte concentrations are relatively high; however, at low levels such as those anticipated to be detected in finished drinking water samples, dilution of the samples to accommodate the higher concentration of interfering matrix components is undesirable. Huang et al. [19] concluded that isotope dilution with C-13 labeled triazine standards should also be evaluated for future applications.
This article describes work that was conducted to develop EPA Method 536, a direct injection, LC-MS/MS method for monitoring the chloro-s-triazines and their chlorodegradates in finished drinking water and the importance that proper preservation plays in maintaining sample integrity. Finished drinking waters give rise to the potential for degradation due to residual oxidants like free available chlorine, which are added to the waters prior to entry into the distribution systems to ensure water quality at the tap. Degradation can lead to analyte loss during sample storage and thus requires careful consideration in order to ensure that the measured analyte concentrations accurately reflect the field sample concentrations at the time and point of collection.
The method also includes cyanazine as a target analyte. While the production and application of cyanazine in the US was phased out between 1996 and 2002, it shares a common degradation pathway with the other CMG parent herbicides and its widespread use could result in its detection in groundwater for years.
Materials and methods

Chemical and standard materials
All target analytes were obtained as neat materials (≥95%) from Riedel-de-Haan (Seelze, Germany). Second source target standards for DACT, DEA, DIA, simazine, and atrazine were obtained (≥96%) from ChemService (West Chester, PA); cyanazine and propazine were obtained (≥98%) from Supelco (Bellefonte, PA). The following isotopically labelled internal standards were obtained from Standard stock solutions (500 g/mL) were prepared in methanol (MeOH). Due to limited solubility, DACT, DACT-13 C3, simazine, and simazine-d 10 were prepared in methanol at 100 g/mL.
Methanol (HPLC Grade), ammonium acetate (98%, HPLC Grade), and sodium hydroxide (50% w/w, Certified) were obtained from Fisher Scientific (Lawn, NJ). Reagent water was obtained using a Millipore MilliQ Plus TM TOC System. Reagents used in dechlorination and preservation studies included sodium omadine ® (sodium 2-pyridinethiol-1-oxide, 40 wt.% in water) obtained from Arch Chemicals (Norwalk, CT), sodium thiosulfate (>99%) obtained from Fisher Scientific, and l-ascorbic acid (>99%), sodium sulfite (98%), citric acid (99%), and diazolidinyl urea (DZU, 95%) obtained from Sigma-Aldrich (St. Louis, MO). R 2 A agar growth media for heterotrophic plate studies was obtained from Difco Laboratories (Sparks, MD). 
Instrumental conditions
EPA Method 536 was developed using a Waters Alliance TM 2695 high performance liquid chromatography (HPLC) system equipped with a Micromass Quattromicro ® triple quadrupole mass spectrometer. A binary mobile phase consisting of 5 mM ammonium acetate (NH 4 OAc) buffer (pH 6.5) and methanol at a constant flow rate of 0.25 mL/min was used for the analysis. A 100-L aliquot of sample was injected and the analytes were separated with a Waters Xterra ® RP18 column (2.1 mm × 150 mm, 3.5 m d p ). The analytes were quantitated using internal standard calibration and MS/MS detection with argon gas at a pressure of 1.9e−3 mbar in the collision cell. Specific details regarding the LC gradient and MS/MS conditions are described in Tables 1 and 2 .
Assessment of triazine stability in chlorinated waters
Triplicate samples of the target analytes (2.0 g/L) were prepared in amber bottles containing reagent water (RW) (control), RW spiked with a commercial bleach solution (3.4 mg/L free available chlorine, FAC), and finished chlorinated surface water (0.84 mg/L FAC). All FAC concentrations were determined using a Hach DPD test kit. One set of samples was evaluated immediately (Day 0). The remaining samples were held for 2 days at 10 • C, then at 6 • C as per current EPA Office of Groundwater and Drinking Water (OGWDW) requirements. A second set of samples was analyzed on Day 2 and the third set on Day 14.
Sample preservation study conditions
Preservation studies examined the effects of various antimicrobial agents and residual FAC on analyte recoveries by fortifying duplicate RW solutions containing 3 mg/L FAC with target analytes (1-2 g/L) after the addition of the dechlorinating reagent and/or the buffer. Fortified samples containing the various test preservation reagents were prepared in amber bottles that were held at room temperature over at least a 7-day period to obtain data under accelerated stability study conditions. Ammonium chloride (0.1 g/L), sodium thiosulfate (0.08 g/L), sodium sulfite (0.05 g/L), ascorbic acid (0.1 g/L), and ammonium acetate (1.5 g/L) were investigated as possible dechlorinating reagents. Two antimicrobial reagents were examined in RW without FAC: citric acid (potassium dihydrogen citrate, 9.3 g/L, pH 3.82) and diazolidinyl urea (DZU, 1.0 g/L).
Another set of studies was conducted as above, but samples were fortified in triplicate with the target analytes at 5.0 g/L. Sodium omadine (64 mg/L) was evaluated for chemical compatibility as an antimicrobial, and the solutions were buffered and dechlorinated (when FAC was present) with 20 mM ammonium acetate. FAC was added to a subset of the waters, as indicated in Table 5 , at 6 mg/L.
Storage stability study conditions
Triplicate samples fortified with the target analytes at 5 g/L were prepared in amber bottles containing fully preserved and nonpreserved finished chlorinated surface water in the presence and absence of a separate microbial spike. Samples were held for 2 days in a refrigerator maintained at 10 • C, then at 6 • C for the remainder of the study. Samples were evaluated at 7-day increments over a 28-day period to assess analyte recovery as well as antimicrobial effectiveness through pour plate studies.
Method performance study conditions
Detection limits for Method 536 were determined in accordance with the procedure described by Glaser et al. [25] and lowest concentration minimum reporting levels (LCMRLs) were determined according to the OGWDW procedure [26] and are tabulated in Table 3 .
Results and discussion
Method optimization
The analytes were successfully resolved using a C18 column and a buffered binary gradient compatible with LC-MS. Fig. 1 shows the chromatogram for the product ion transitions for the Method 536 target compounds. Although MS/MS analysis is capable of distinguishing co-eluting compounds from one another, a good chromatographic separation minimizes the potential for suppression from co-eluting contaminants in the matrix.
One of the challenges associated with electrospray ionization (ESI) applications involves the performance of the ionization source in the presence of complex mixtures [20] and [21] . Matrix effects occur as a result of the co-elution of various organic and inorganic components in a sample along with the target analytes causing either an enhancement or suppression of target analyte signal response. Accuracy and precision are affected because the degree of enhancement or suppression can vary from one sample to another. Concentrated samples can be diluted in an effort to minimize the effect of matrix interferences on analyte signal responses. Such an approach, however, is undesirable for finished drinking water samples that contain the target analytes at low levels because dilution may result in false negative results for one or more of the analytes. An alternate solution is to use an appropriate internal standard which can balance the matrix effect on analyte signal with an equivalent effect on the internal standard. The ideal internal standards are the isotopically labeled target compounds that elute simultaneously or very near each analyte during chromatographic separation and are completely resolved by the mass spectrometer.
All of the chloro-s-triazines, and all but one degradate had deuterated analogues that were commercially available. A 13 Cenriched DACT standard was custom synthesized for these studies. During the interim while the DACT-13 C was being prepared, DIA-d 5 was used as an internal standard for DACT. However, the application of this approach to a finished groundwater yielded enhanced DACT recoveries (>120%). This problem was resolved after the DACT-13 C internal standard was incorporated.
Assessment of triazine stability in chlorinated drinking waters
Although a number of investigators have developed methods employing various analytical techniques for the analysis of the triazines and their degradates [12] [13] [14] [15] [16] [17] [18] [19] , procedures to adequately protect the target compounds from microbiological or chemical degradation during storage have not been fully addressed. Huang et al. reported stability for atrazine, simazine and their dealkylated chlorotriazine metabolites if stored at refrigerated temperatures (4 • C) in the dark [19] and referenced an unpublished internal company document. Data presented in this paper, however, indicates that analyte degradation can be significant in chlorinated finished drinking water samples.
In 1997-1998, over 200 large public water systems collected disinfection residuals data as part of the Information Collection Rule (ICR) survey. FAC levels were found to be comparable for finished 
Sample preservation studies
Once residual FAC is removed from field samples, microbial regrowth during storage can also lead to analyte degradation. Therefore, an antimicrobial agent should be incorporated in field samples along with the dechlorinating reagent. A study was conducted to examine potential antimicrobial and dechlorinating reagents. Ammonium chloride, sodium thiosulfate, sodium sulfite, and ascorbic acid were investigated as potential dechlorinating reagents. Two antimicrobial reagents (citric acid and diazolidinyl urea, DZU) were also evaluated for their compatibility with the target analytes in the absence of FAC. LC-MS/MS analysis was performed on Day 0 to determine initial recoveries and again on Day 8. As the results in Table 4 indicate, citric acid rapidly degraded DACT and DZU yielded borderline acceptable recoveries for DACT. The optimal dechlorinating reagent appeared to be ammonium chloride. Unlike the other dechlorinating reagents, which are all reducing agents, ammonium chloride sequesters FAC through successive equilibria to form less reactive chloramines.
The USDA Agricultural Research Service (ARS) Properties Database (http://www.ars.usda.gov) indicates that atrazine, simazine, cyanazine, and propazine may hydrolyze in acidic (pH < 5.0) and basic (pH > 9.0) environments. The database and other sources do not provide pH stability data for any of the degradates, however. Ammonium acetate (5 mM) was chosen as the LC mobile phase for the method because it could maintain the mobile phase at near neutrality (pH ∼6.5) while simultaneously removing FAC. A study to determine the buffer capacity of ammonium acetate in a high ionic strength finished groundwater concluded that samples should contain 20 mM ammonium acetate as a buffer to prevent acid-or base-catalyzed hydrolysis. Conditions and results of the study are provided in Supplementary Data.
Another study was conducted to confirm the feasibility of using ammonium acetate as the dechlorinating reagent and to evaluate sodium omadine as an antimicrobial reagent. Previous work by Winslow et al. [24] described acceptable recoveries for cyanazine in field samples using sodium omadine (64 mg/L) to inhibit microbial activity. The dechlorination scheme was challenged with 6 mg/L of FAC, which is 50% higher than the MRDL [22] . Triplicate RW samples were fortified with the target analytes at 5 g/L and stored for 7 days at ambient temperature (Section 2.4). At the end of the 7-day holding period, samples were spiked with internal standards and analyzed. The recoveries for each analyte in the various combinations of sodium omadine, 20 mM ammonium acetate, and added FAC are summarized in Table 5 . As the results indicate, DACT was recovered at >90% when 20 mM ammonium acetate was used in the presence of 6 mg/L FAC. These data also indicate that the target analytes were stable in the presence of the relatively high levels of chloramines that were formed during sequestration. Chloramines are often used as an alternate disinfectant for source waters that contain high levels of total organic carbon to mitigate the formation of halogenated disinfection byproducts. As opposed to citric acid and DZU, sodium omadine at a level of 64 mg/L did not result in loss of recovery for any of the target analytes.
Additional method considerations
In addition to incorporation of isotopically enriched internal standards and selection of appropriate dechlorinating and antimicrobial reagents, other factors were identified during method development. For example, a positive bias was observed when preserved samples were evaluated using calibration standards prepared in only RW. The use of procedural calibration standards that incorporated 20 mM ammonium acetate and 64 mg/L sodium omadine eliminated this bias.
An attempt was also made to shorten the analysis time by installing a 2.1 mm × 100 mm analytical column packed with larger diameter particles (5 m). This worked well in reagent water samples; however, in both finished ground water and surface water samples, the responses for DACT and DACT-13 C were almost completely suppressed. The source of the signal suppression could not be determined; however, it is likely some low-level, co-eluting contaminant was responsible. The 2.1 mm × 150 mm analytical column with smaller diameter particles (3.5 m) was re-installed, and the analyte responses recovered in all the drinking water matrices. EPA Method 536 permits flexibility with regard to the use of alternate columns, mobile phase compositions and instrumental conditions. However, it is important to maintain chromatographic resolution of the target analytes rather than shortening analysis time by relying too heavily on LC-MS/MS specificity since matrix effects are not eliminated when MS/MS is employed for detection.
Storage stability studies
Studies were conducted to verify the analyte storage stability in the presence of the method preservatives and to confirm the effectiveness of the antimicrobial reagents. Fortified finished chlorinated surface water samples were prepared, stored according to the conditions (described above), and evaluated at 7-day increments over a 28-day period. Target compound recovery data are presented in Fig. 4 for finished chlorinated surface water. As the data indicate, all of the analytes exhibited acceptable storage stability over this period.
Pour plate studies confirmed the effectiveness of sodium omadine as an antimicrobial. Although the positive control pour plates indicated a vigorous microbial population (average CFU/mL per sample = 663), all other samples had virtually no growth because the ammonium acetate buffer yielded a residual chloramine that was persistent throughout the storage period (total chlorine 0.8 mg/L). The US water systems that do not rely on chlorination for disinfection would not be afforded the secondary protection of chloramines; however, the original work done by Winslow et al. confirmed the antimicrobial effectiveness of sodium omadine in pour plate studies using ascorbic acid as the dechlorinating reagent [24] .
Method performance
The Method 536 detection limits (DLs) were determined in accordance with the procedure described by Glaser et al. [25] and ranged from 0.010 to 0.043 g/L for the method analytes. The lowest concentration minimum reporting levels (LCMRLs) were determined in accordance with the EPA OGWDW procedure [26] and ranged from 0.020 to 0.14 g/L. DL and LCMRL results are shown in Table 3 . Recovery data for low-level fortified and preserved reagent water samples (n = 7) are as follows: diaminochlorotriazine recovery of 108 ± 8.1% at 0.10 g/L; desisopropylatrazine recovery of 105 ± 12.6% at 0.10 g/L; desethylatrazine recovery of 102 ± 7.1% at 0.05 g/L; simazine recovery of 104 ± 5.6% at 0.05 g/L; cyanazine recovery of 92.6 ± 5.8% at 0.05 g/L; atrazine recovery of 108 ± 3.8% at 0.05 g/L; and propazine recovery of 104 ± 4.7% at 0.05 g/L.
Precision and accuracy were determined for the method analytes in three different finished drinking water matrices, preserved and fortified at two levels. The matrices examined included reagent water, finished chlorinated surface water that contains moderate levels of total organic carbon (TOC), and finished chlorinated ground water with hardness greater than 300 mg/L. The average recoveries and percent relative standard deviations for seven replicate samples are summarized in Table 6 . Method performance was determined to be comparable in a second, independent laboratory.
Conclusions
Data presented herein demonstrate the importance of proper preservation techniques, and in particular dechlorination. Without proper removal of FAC, chlorinated waters, which are common in the US, have the potential to yield results that significantly underestimate the total triazine concentrations even when stored for short periods of time. This effect is of greatest concern for the degradates and is most pronounced for DACT. Previous and/or future survey work conducted on chlorinated groundwaters could be most impacted by this finding, since triazine degradates have already been determined to comprise a majority of the triazine constituents in this matrix.
